Studies on HeLa cells in spinner culture at pH 7.0 and 370 have shown that [Na]i decreased and [K]i increased with increasing [Ca]o. In Na-free (choline) medium [K]i remained high whether or not Ca was present in the medium. [Na]i and [K]i approached a new steady state within 1 min after transfer to Ca-free medium and returned to the initial values within 15 min upon readdition of Ca. 40 % of the cell Ca exchanged within 1 min followed by a slow exchange of the remaining Ca over several hours. [Ca]i increased with decreasing [Na]o but was independent of [K]o. Equimolar Mg did not substitute for Ca in maintaining low [Na]i and high [K] i. Under steady-state conditions about 50 % of the cell Na exchanged in accordance with a single rate constant.
INTRODUCTION
The effects of calcium on the cell membrane have been described by a number of investigators (for reviews see references [1] [2] [3] [4] [5] . Of particular physiological interest is the relationship between extracellular Ca ion concentration and the intracellular Na and K pool sizes. According to Maizels, red blood cells of lower vertebrates (6, 7) and humans (8) lose K and gain Na when incubated in Ca-free medium. We have extended these studies to a wide variety of cells (9) and the results suggest that most if not all cells require extracellular Ca to maintain high [K]j and low [Na]i. Other workers using several different tissues have suggested an interaction between Ca and the K transporting system without measuring possible effects of Ca on Na permeability. Thus, Conn and Wood (10) working with skeletal muscle in vitro and Reiter (11) using heart muscle strips demonstrated that the lack of Ca increased K exit and that this could be reversed by the addition of Ca in physiological concentrations. Several investigators (12) (13) (14) have reported that liver cells required Ca to concentrate K from a low K environment. Similar studies with brain cortex slices (15, 16) have shown that K accumulation was accelerated by the presence of extracellular Ca, and the partial depolarization of nerve and muscle in Ca-free medium (2, 17) has been explained in terms of K permeability changes (18) .
The above investigations agree that the normal Na and K concentration gradients cannot be maintained in isolated cells and tissues unless extracellular Ca is present. The present work extends that already published and describes: (a) the effect of changes in external Ca and Mg concentration on the steady-state intracellular concentrations of Na and K in homogeneous cell suspensions, (b) the effect of Ca on the Na and K transporting systems, and (c) the competition between Ca and Na for binding sites in or on the cell. A preliminary report of this work has been presented (19) .
EXPERIMENTAL METHODS

Cell System
HeLa cells, strain S-3, were routinely grown as monodisperse cell systems in Eagle's spinner medium (20) supplemented with 6% fetal calf serum and with equimolar NaHCOa substituted for the prescribed NaH 2 PO 4 . The Ca and Mg concentrations in the spinner medium were 0.16 and 0.78 m, respectively. Cell density was maintained at approximately 3 X 106 cells per ml (1.7 mg wet weight of cells per ml).
Measurement of Intracellular Na and K
Cells from the spinner culture were sedimented at 800 X g for 2 min, and approximately 40 mg wet weight of cells were resuspended in 20 ml of salt solution at 370 for varying times. Except as noted ( Fig. 8 ), all salt solutions contained 140 mM NaCl, 5 mM KC1, 0.8 mM NaH 2 PO 4 , 5.6 mM glucose, and 30 mM Tris adjusted to pH 7.0. Salt solutions contained Ca and Mg concentrations as described. Following exposure to the various solutions, cells were transferred to specially designed centrifuge tubes and sedimented at 3,000 X g for 2 min. The centrifuge tubes consisted of an upper reservoir with a 30 ml capacity and a lower tube of graduated capillary glass with a precision bore having a diameter of 2.0 mm and a volume of 70 ,ul. All incubation periods included a 30 sec centrifugation time, since it was estimated from the changes in packed cell volume as a function of centrifugation time that exchange between cell and medium was minimal after 30 sec. Supernatant fluid was removed by suction and the volume of the packed cells was determined. Trapped extracellular fluid was estimated with 14C-carboxy-labeled inulin. Dry weights were obtained by transferring cells with a syringe to a tared vessel and drying to constant weight in a vacuum oven at 60C. Na and K were determined by internal standard flame photometry on fuming nitric acid digests diluted 1:100 with ion-free water.
Measurement of [Ca]i and Ca Exchange
HeLa cells were grown in the presence of 4 Ca (0.1 c/ml) and 0.16 mM 40 Ca for 36 hr to equilibrate [Ca]i with [Ca] 0 . Cells were collected as described above, and digested with fuming nitric acid. Aliquots of the cell digests and the spinner medium were counted in a liquid scintillation spectrometer and intracellular Ca concentration was calculated from the specific activity of the medium. To determine Ca efflux or exchange, the cells grown in 45Ca medium were collected by centrifugation at 800 X g for 2 min and resuspended in nonradioactive Ca-and Mg-containing salt solution (1.5-2 mg cells per ml). 20 ml aliquots were taken at intervals and the cells were collected by centrifugation at 3,000 X g for 2 min; the supernatant was removed, and the cells were digested with fuming nitric acid. Aliquots of cells and medium were counted as described above, and the cell analyses were corrected for trapped extracellular volume.
Measurement of Na Influx
At zero time, a2Na (0.1 pc/ml, final concentration) was added to a cell suspension containing 1.5-2 mg of cells per ml. 20 ml samples were taken at intervals and the cells were collected by centrifugation at 3,000 X g for 2 min. The packed cells were digested with fuming nitric acid and diluted to 4.0 ml. Counting was done in a well-type scintillation counter. 22Na was measured in the supernatant fluid of each sample and the cell analyses were corrected for trapped extracellular volume. The flux in AM/liter of cell water/sec was calculated from the slope of a semilogarithmic plot of I -specific activity of cells specific activity of medium RESULTS
[Na],i, [K],i and [Ca],i as a Function of [Ca]o
The results in Fig. 1 show [Na]i and [K]i of HeLa cells in spinner culture as a function of time after transfer to Ca-and Mg-free salt solution. The extracellular space measured with '4C-labeled inulin was 15.9 0.2% (sE, 12 experiments) and the dry weight of the cells was calculated to be 20.2 -0.6% of the wet weight after correction for trapped medium. Previous studies (9) have shown [Na]i and [K]i to be very consistent in HeLa spinner cultures maintained at approximately 3 X 106 cells per ml. We have observed a decrease in [K]i with increasing cell population density similar to that reported for HeLa monolayer cultures by Wickson-Ginzburg and Solomon (21) . Thus it is important to maintain cell population densities relatively constant for comparative studies. As shown in Fig. 1 , removal of divalent cations from the medium is followed within the first min by a 42 mM increase in intracellular Na concentration with a concomitant loss of 33 mM of K. This represents a 108% increase in cell [Na] and a 24% decrease in cell [K] . During the next 30 min there is a small but significant redistribution of K into the cell and Na out of the cell.
[Na]i and [K]i were readily reversed by the replacement of the depleted cations, initial Na and K levels being reestablished within 15 min. Exposure to Ca-and Mg-free salt solutions did not cause cell lysis or demon- Fig. 3 indicates that there is a 20 mM decrease in [Na]i for every 10-fold increase in [Ca] 0 . .
[Na]i and [K], as a Function of [Mg]o
[a]q suits are shown in Fig. 5 . Na influx at the highest [Ca], 1.0 mM, followed a straight line for more than 90 min, with a t 1 /2, of about 80 min. The good fit of the first points to a straight line at all three Ca concentrations indicates that somewhat more than 50% of the cell Na exchanges in accordance with a single rate constant. Calculating from the straight line portion of the curves gives initial influx and efflux values of 270, 100, and 2.5 uM/liter of cell water/sec for 0, 0.10, and 1.0 mM Ca concentrations, respectively. Second, when the active extrusion of Na was inhibited by incubating cells in the presence of I X 10-4 M strophanthidin (Mann Research Laboratories, Inc., N. Y.), [Na]i rose and [K]i fell, reaching a new steady-state level 30 min after the addition of strophanthidin. The ratio of [Na]i to [Na], was approxi-mately 1.35 to 1.0 at steady state. As shown in Fig. 6 , Na influx increased markedly when strophanthidin-treated cells were transferred to Ca-free medium although there was no further increase in [Na],. Since we have eliminated the influence of the pump and still demonstrated a marked effect of Ca ion on the movement of Na, it is clear that the Ca effect must be at least in part independent of active Na extrusion.
Third, as shown in Fig. 7 , when [Na]l was replaced by a relatively impermeant cation, choline, [K]i remained high during a 15 min incubation period TIME (min) whether or not Ca was present. This contrasts with the finding already noted that when Ca was removed from a high Na medium, [K]i decreased and approached a new steady state within the first min. Thus a decrease in the extracellular Ca concentration appears to increase Na movement into the cell selectively without directly affecting K movement out. The observed decrease in [K]i with decreasing [Ca] in normal Na medium might thus be attributed to the net inward diffusion of Na ions, diminishing the potential difference across the cell membrane and allowing K ions to move out of the cell.
Ca Uptake as Function of [Na]o and [K]o
It has been proposed that Ca and K ions (4) or Ca and Na ions (22) compete at the cell surface for negatively charged groups. The results shown in Fig. 8 suggest that Ca competes with Na ions but not with K ions at the cell membrane. As can be seen, Ca accumulation over a 15 min period decreased as a linear function of increasing [Na] . 46Ca uptake of cells incubated in 140 mu NaCl was about one-third that of cells incubated in 140 mM choline C1 or (24, 25) that the Na influx as well as the K efflux increased without appreciable depolarization in giant squid axon in Ca-deficient medium suggesting an increase in membrane permeabilities to both Na and K. In contrast, studies with frog skeletal muscle fibers (26) have shown that the membrane permeability to Na increases in Ca-deficient medium whereas that to K ions does not show any significant change. Curran et al. have reported (27) that Ca decreases the Na permeability of the outward facing membrane of the isolated frog skin without directly affecting the active transport of Na. Other studies in this laboratory have shown (28) that the frog oocyte membrane behaves like a KCl electrode in Ca-containing solutions but behaves like a NaCl electrode in Ca-deficient solutions. Thus, data from a variety of systems, to which the mammalian HeLa cell may be added, indicate that Ca lowers the permeability of the cell membrane to Na.
Changes in extracellular [Ca] could affect Na permeability in several ways. First, an increase in [Ca] . may cause a decrease in the total surface area per cell with a concomitant decrease in a number of Na ions entering the cell per unit time. Phase contrast studies and electron micrographs reveal thousands of rodlike microextensions on the surface of spread HeLa cells, as well as on many other types of isolated vertebrate cells (29) . Similar microextensions are seen on the surface of HeLa spinner cells. Thus, it should be emphasized that the actual cell surface area may be 10-100 times that of a sphere of the same diameter. Since it appears that an increase in [Ca]o results in an increased cortical gelation (30) , changes in [Ca]o could markedly alter the nature of the microextensions on the cell surface. In the present context, an increase in [Ca]o could result in a decrease in length and/or number of microextensions on the cell surface and thus in a decrease in cell surface area with little change in cell volume. Second, as suggested by Solomon (31) , a decrease in [Ca]o may cause an increase in the equivalent pore radius. This change could, in turn, be a result of the above mentioned cortical gelation. Third, fixed surface charges affect the distribution of mobile ions, and are at least partly responsible for the need for Na+/Ca + + ratios of about 100 to in the medium. Thus when the ratio of Na + to Ca + + is 100 to 1, the ratio at the site of action at the cell surface is more nearly balanced (at about 1 to 1), due to the electrostatic effect of the surface charge and the chelating of Ca with surface anions (see reference 32) .
In order to evaluate the relative contributions of these factors, it would be useful to: 
